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Abstract

The Fermi space mission produced an all-sky map of the gamma ray sky. For testing
our understanding of the processes emitting gamma rays models were constructed
and residual count maps were derived from these. At 30° longitude in the Galactic
plane an unexpected excess flux is seen.

In this work this residual flux is analysed in order to characterize it and make state-
ments on how it is produced.

Therefore the spectra of the measured data and different residual maps averaged
over a selected region of interest are derived. They are compared with all-sky spec-
tra of different production processes and it is found that these all-sky spectra can
not explain the data spectrum in the region of interest. This leads to the conclusion
that there some yet unexplainable effects take place.

A multiwavelength analysis is started by studying data from the microwave telescopes
WMAP and Planck and the infrared telescope Spitzer with particular observance of
the region of interest. Excess flux also is seen in these other wavelength ranges. A
first step in testing on correlations between these and the gamma ray excess is started
by analysing if WMAP and Fermi data components could be effected by the same
ultra-relativistic electrons. With the condition of a relatively high magnetic field in
the region where the radiation originates a first requirement for this correlation is
found.

Overall the existence of the excess at 30 degrees in longitude in the plane of the
Milky Way galaxy is confirmed and a lot of possibilities for further investigations are

found.
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1 Introduction

The Fermi space mission produced an all-sky map of the gamma ray sky. This is seen in Figure 1.
Right in the middle of the map lies the center of our Milky Way galaxy, the horizontal line of
high excess is the Galactic plane. The high excess is due to a high density of cosmic rays and
interstellar gas interacting and producing gamma rays there. Apart from that one can see point

sources distributed over the sky.

Data at energy 0.48 GeV
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Figure 1: All-sky map of Fermi LAT data at an energy of 0.48 GeV

For testing our understanding of the processes emitting gamma rays in the galaxy models were
constructed and compared to the observation. To test these models residual maps, i.e., maps
showing the residual counts after subtracting the predicted model counts from the measured

counts are made, one can be seen in Figure 2.

Residual data at energy 0.48 GeV
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Figure 2: All-sky map of residual data at an energy of 0.48 GeV

Even though these models are very accurate by now there are some regions in the sky where
they can not explain the measurement. One of these is a diffuse region at 30° longitude (left

beside the Galactic center) at hight of the Galactic plane.

The following work will analyse this diffuse region in order to characterize the excess and make

statements about the possible sources.



2 The gamma ray sky

2.1 Gamma astronomy

High energy astrophysics uses the upper ‘end’ of the electromagnetic spectrum to investigate the
universe. The possibility to go to space opened this wavelength range to observations as gamma
rays do not pass the atmosphere. Gamma rays are photons with energies greater than ~ 100 keV
(A $0.01nm). At energies above 100 MeV the dominant processes emitting gamma rays are the
decay of the 7’-meson, bremsstrahlung and the Inverse Compton scattering [Longair, 2011, p.

26]. Their relative contribution depends on the energy and the position on the sky.

2.1.1 Fermi and the Fermi LAT

The Fermi Gamma-ray Space Telescope! is a space mission launched on June 11, 2008 for study-
ing the cosmos in gamma ray range from 10keV to 300 GeV (or 20 MeV - 300 GeV for the LAT

instrument, respectively). One of its mission goals was the generation of an all-sky map.

The first gamma rays were detected by the OSO III satellite in 1967. Following satellite missions
improved our knowledge of the gamma ray universe further and further: there is a diffuse gamma
ray background mostly from outside our Galaxy (first detected by SAS-2) and also there are
discrete gamma ray sources (e.g., pulsars in supernova remnants, first seen by COS-B). The
first all-sky map was recorded by the Energetic Gamma Ray Experiment Telescope (EGRET)
instrument of the Compton Gamma-Ray Observatory [Longair, 2011, p. 26].

In Figure 3 one can see all-sky maps from SAS-2, COS-B, EGRET and Fermi LAT. Interesting

are the total count values.

The Large Area Telescope (LAT) is the main instrument onboard Fermi. It is - compared to
the former EGRET - very sensitive and has a large field of view.

Some of its technical data is shown in Table 1.

energy range 20 MeV - 300 GeV

field of view > 2 sr

angular resolution < 3.5° (100 MeV)
(for a single photon, 68% containment, on-axis) < 0.15° (>10GeV)

energy resolution <10 %

Table 1: Technical data of the LAT onboard the Fermi Gamma-ray Space Telescope
[NASA, 2011]

The measurement of the gamma rays works by detection of produced e* e~ - pairs. Incoming
gamma rays first pass an anticoincidence shield sensitive to charged particles, then enter conver-
sion foils. These contain very heavy nuclei which prompt the photons to decay into an electron
and a positron. These go on through a particle tracing detector measuring the trajectories and
a calorimeter measuring the energies.

Combining the different information, a gamma ray has a significant signature: (1) no signal in

Yhttp://fermi.gsfc.nasa.gov/science/overview.html
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Figure 3: Mollweide projections in Galactic coordinates of accumulated counts maps for SAS-
2, COS-B, EGRET (above 50 MeV) and Fermi LAT (above 360 MeV, 4 years, Clean
class events). Regions with enhanced numbers of counts due to a non-uniform exposure
time in observations with pointed observations are apparent in panels corresponding
to SAS-2, COS-B, and EGRET [Acero et al., 2016, Figure 1 there].

the anticoicidence shield, (2) more than one e* or e~ track starting in the detector, and (3) a
electromagnetic shower in the calorimeter [NASA, 2011].

The second instrument onboard the Fermi satellite is the Gamma-ray Burst Monitor. It has a
field of view larger than the LATs and is constructed to detect gamma ray bursts.

In the following ‘Fermi’ will call the Fermi LAT.

2.1.2 Contributions to the gamma ray sky

Figure 4 shows an all-sky map of the gamma ray sky at an energy of 1.37GeV. The total flux

can be separated into different contribution parts:

— individually detected sources, point sources

Some objects (e.g. pulsars) emit gamma rays themselves.

— diffuse emission due to interaction of cosmic rays with gas and radiation fields
Cosmic rays propagating through the Galaxy interact with interstellar gas and the inter-
stellar radiation field. The resulting flux of gamma rays as end product depends on the
density distribution of cosmic rays, the interstellar gas and the interstellar radiation field.
The emitting processes themselves are described in section 2.2.3 (interstellar gas) and 2.2.4
(interstellar radiation fields).
Part of this diffuse emission is the so-called Loop I, a - from our point of view - huge

feature on the sky. Concerning this also see section 2.3.

— isotropic diffuse gamma ray background
The isotropic diffuse gamma ray background contains diffuse extragalactic emissions and

any Galactic foreground emissions that are approximately isotropic.
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Figure 4: All-sky map of the gamma ray sky at an energy of 1.37 GeV. The map is smoothed
with a o = 0.5° Gaussian kernel, the grid is 10° by 10° in Galactic coordinates.

2.2 Sources of gamma radiation
2.2.1 Point sources

Many individual sources emit gamma rays, e.g., pulsars, supernova remnants or quasars. Further
away the Galactic plane mostly active galactic nuclei are seen as point sources [Longair, 2011,
p. 26].

2.2.2 Cosmic Rays

Cosmic Rays (CRs) are protons, electrons or nuclei travelling through space. Approximately
85% of the CRs are protons, 12% are helium nuclei, 2% are electrons and 1% are heavier nuclei.
The energies of CRs cover a very large range from 10% to 10?° eV and more [Longair, 2011, p.
493]. For energies between 10° and 104 eV the spectrum can be described by N(E)dFE = kE~*dE
with z ~ 2.5 - 2.7.

Where these CRs come from is not yet well explored. Possible sources are, e.g., supernovae
accelerating particles up to these very high energies, but not all effects are explained until now
[Longair, 2011, pp. 30].

The CRs propagating through the Galaxy interact with the Interstellar Gas (ISG), e.g., they
collide with the gas and with the Interstellar Radiation Field (ISRF), this is called Inverse

Compton effect. Gamma rays are produced in these interactions.

2.2.3 Interstellar Gas

Interstellar Gas (ISG) is part of the interstellar medium, it provides ~ 5% of the visible mass
in our Galaxy [Longair, 2011, p. 333]. The ISG contains lighter elements being in gas phase,
mostly neutral hydrogen (Hz), ionized hydrogen (Hir) and molecular hydrogen (Hg) as well as
helium (He). The interstellar medium also includes atoms or molecules in other phases (and
CRs). Heavier elements mostly occur as dust grains. Dust is present nearly everywhere (as long
as the temperature is not higher than the materials sublimation temperature), but it provides
only ~ 1% of the interstellar medium [Herbst, 1995].



There are two types of interactions that can produce gamma rays from CRs meeting ISG: the
decay of the 7° meson and bremsstrahlung.

70 decay

CRs contain mostly protons and also some heavy nuclei. They can collide with the ISG, this is
referred to as the hadronic component of gamma emission since protons are hadrons. In these
collisions pions, 7=, 7% and 7°, are produced. The charged pions decay into muons (antimuons)
and neutrinos, these again turn into electrons (positrons) with relativistic energies and neutrinos.
The 7° on the other hand decays mostly (BR ~ 99 %) into two photons.

p+H— 7%+ ANYTHING
0

T = Y+
It has a mass of ~ 135MeV and is rather short lived, the mean lifetime is ~ 9-107'7 s. The
spectrum of the outgoing gamma rays indicates the 7° decay process. The maximum is broad
and in the center of mass system of the 7° centered about 70 MeV [Longair, 2011, pp. 503].
bremsstrahlung
Also the CR electrons can interact with the ISG. This process is often referred to as the leptonic
component of gamma emission since electrons are leptons. When fast electrons - as they are
part of CRs - feel the Coulomb field of a charged particle - as it is found in the ISM - they
can emit a photon and slow down due to this emission. The process is called bremsstrahlung,
the energies of the emitted photons are located in the gamma regime for interstellar processes
[Rybicki and Lightman, 2004, p. 155].
Since both processes - 7 decay and bremsstrahlung - are dependent on the distribution of CRs
and the ISG in space they are often combined into one template during the derivation of models

for the gamma ray emission.

2.2.4 Interstellar Radiation Field

The Interstellar Radiation Field (ISRF) is the radiation or the interstellar photon population,
respectively, found in space. In Figure 5 the energy density of the ISRF is shown. One can
see three maxima. The first one lies in the microwave frequencies, referred to as the Cosmic
Microwave Background (CMB). The energy of the peak lies around 1-1073eV. The second peak
lies in the Infrared (IR) frequencies and has an energy about 1-1072eV. The third one lies in
optical frequencies, it is referred to as Starlight (SL), and it has an energy about 1eV. The
maximum of the SL is around five times bigger than the one of the IR, the CMB background is
independent on the spatial position.

The effect by which CRs interacting with the ISRF can produce gamma rays is called Inverse
Compton effect.

Compton scattering was first observed in 1923 when A. Compton scattered hard X-ray radia-
tion on stationary electrons. He saw an energy-loss (a greater wavelength) of the X-rays, the
explanation was an energy and momentum transfer from the light to the electron.

Inverse Compton scattering now is not a down-scattering of the photon but an up-scattering

through ultra-relativistic electrons. The energy of the electron is transferred to the ISRF
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Figure 5: Energy density of the ISRF (including CMB) at different heights above the Galactic
center z = 2, 5, 10kpc. The horizontal lines are the energy density of 5, 10, and 20 uG
magnetic fields [Ackermann et al., 2014, Figure 42 a) there].

which then has much more energy, the spectrum of the process goes up to gamma energies
[Longair, 2011, p. 231].

One can approximate the energies of the via IC produced gamma rays by upscattering photons
with energies at the maximum of the ISRF distribution. These give - simply due to their high
quantity - the main distribution to gamma ray emission from IC.

Some details of the IC effect are also discussed in section 5.3.2.

The above mentioned processes have different typical spectra. These are shown in Figure 6.
The 7° spectrum peaks around 1GeV, the bremsstrahlung spectrum peaks at lower energies of
about 200MeV. The 7% peak is at higher energies than the 70 MeV peak in the center of mass
frame because the 7¥ is boosted in the laboratory frame. The IC spectrum also peaks at lower

energies and is even broader.

2.2.5 Isotropic background

The Isotropic Diffuse Gamma Ray Background (IGRB) is a residual all-sky emission comprising
all extragalactic emission too faint or too diffuse to be resolved, as well as any residual Galactic
foregrounds that are approximately isotropic. The IGRB spectrum can be described over nearly
four decades by a power law having a spectral index of ~2.3 with a cut-off energy of ~300 GeV
[Ackermann et al., 2015b].

2.3 Loop | and the North Polar Spur

Loop I is a bright and - from our point of view - huge circular feature on the sky. It is seen in
radio and X-ray frequencies as well as in gamma energies.
Its shape can be seen in the residual data shown in Figure 7. The Loop ‘starts’ at ~ 30° longitude

in the Galactic plane, goes up to nearly the pole above the Galactic center and then again down
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Figure 6: Spectra of the processes emitting gamma rays. They are derived by models also
containing secondaries, i.e., particles which are just produced in the shown interaction
and now can take part in it again. The spectra are shown with primary electrons (thick
lines) and without (thin lines). Bryy and Brs denote the total bremsstrahlung and
the separate contribution from secondary leptons, correspondingly. Similarly, IC;,
IC; indicate the total IC and the contribution from secondaries [Strong et al., 2004,
Figure 13 there].

at the ‘right’ side of the center.

In radio frequencies more such features, e.g., one having the solar system inside called the ‘Local
Loop’ are seen, they are called radio loops. The North Polar Spur (NPS) is a ‘filament’ inside
this Loop I and seen mostly in radio frequencies. It possibly originates from the compression
of gas by a supernova remnant or some other shock. Until now it is not sure how far Loop I is
away and where it comes from.

Earlier it "has been concluded by several authors (e.g. Berkhuijsen et al. 1971; Heiles 1979;
Salter 1983, and references therein) that the radio loops are correlated with expanding gas and
dust shells, energized by supernovae or stellar winds." [Wolleben, 2007]

WOLLEBEN [Wolleben, 2007] reproduced the shape of the Loop I and the Local Loop, there
called the ‘New Loop’, with a geometric model. It is made of two shells characterized mainly
by a position and an inner and an outer radius. The solar system lies between the inner and
the outer surface of the Local Loop shell. The characteristics of the shells will also be described
further in section 3.2. This geometric model could give a hint on where these loops come from.
It tends to say that both loops are products of supernovae, that have taken place in the SCO-
CEN OB association (Scorpius—Centaurus Association, a region of recent massive star formation
[Preibisch and Mamajek, 2008]). Also it tends to say the Local Loop is older than Loop I and
both just have started to interact, building the NPS there. But this scenario is not proven yet.
Later KATAOKA ET AL. [Kataoka et al., 2013] analyzed X-ray data measured by Suzaku and
saw that an interpretation in which the X-rays have travelled a long distance through gas from
their origin is likely. Their conclusion was that it is preferred for Loop I being far away and

being related to previous activity within/around the Galactic center and less preferred for it
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Figure 7: All-sky residual map of the gamma ray sky at an energy of 0.68 GeV. One can see
Loop I above the Galactic plane. The map is smoothed with a ¢ = 0.5° Gaussian
kernel, the grid is 10° by 10° in Galactic coordinates.

being near - but the possibility for it being a near feature is not eliminated.

The fact that the yet unexplained Loop I ‘starts’ at ~ 30° longitude in the Galactic plane com-
bined with the unexpected excess flux seen by Fermi in this region motivates the following

analysis.



3 Data sample

3.1 Total data map

The Fermi Science Support Center? provides several data products, organized in different classes
selected for different uses.

For this analysis the Pass 8 UltraCleanVeto data sample class is used. This class provides the
highest purity against contamination from charged particles that were misclassified as gamma

rays. Some characteristics of the data sample are listed in Table 2.

class P8 UltraCleanVeto

observation time 6.5 years recorded between August 4, 2008 and January 31, 2015
using standard good-time intervals (e.g. no calibration runs)

zenith angle cut 0 < 90°

energy bins 31 equal logarithmic intervals

energy range ~28 MeV - ~1.4TeV

HEALPix? pixelization order 7

HEALPix nside value 128

pixel size ~6.4-1075 st

Table 2: Characteristics of the used data sample

For a diffuse analysis - as it is done here - the purity of the signal is more important than the

loss in statistics accompanied by the used hard cuts.

3.2 Residual data maps

Besides the total data map, different residual data maps are used. They were generated from
models that were fitted to the total data maps. The residuals now are the remaining counts after
the calculated model was subtracted from the total data. The different residual maps derived
from the models named A, B and C differ in the used models, their fitting method and range and
the energy bins.

In Figure 8 Mollweide projections of the three residual maps can be seen.

For the first map, the residual in model A, different components were fitted to the total
data in 31 energy bins (the same bins as for the total data map described above). The map
was derived by DMITRY MALYSHEV and ANNA FRANCKOWIAK, a similar map was used in
[Ackermann et al., 2014].

The first components were modelled from the CR populations predicted through GALPROP*
and assumed gas distributions. GALPROP is a code calculating numerically the transport
of CRs and the production of diffuse emission. It depends on various variables, some of
these are shown in Table 8 (appendix), a more detailed description also can be found in
[Ackermann et al., 2014, the GALPROP parameters there are the same, but the data selec-
tion is slightly different].

*http://fermi.gsfc.nasa.gov/ssc/
3http:/ /sourceforge.net /projects/healpix/
“http://galprop.stanford.edu
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Figure 8: Mollweide projections of top left: residual in model A smoothed with a ¢ = 0.5° Gaus-
sian kernel, top right: residual in model B and bottom: residual in model C smoothed
with a ¢ =0.5° Gaussian kernel. The grid is 10° by 10° in Galactic coordinates.

Beside the CR distribution also a distribution of target gas is needed. This is based on multiwave-
length surveys. The densities of the gas are based on the 21-cm line of Hy [Kalberla et al., 2005,
LAB survey] and the 2.6-mm line of CO [Dame et al., 2001]. Hp is traced by this CO. There is
also dark neutral gas not traced by Hr or CO this was taken into account by the dust reddening
map of SCHLEGEL ET AL. [Schlegel et al., 1998].

The templates for the emission from interstellar gas are parted into five Galactrocentric an-
nuli (three inner, one local and one outer), the borders are shown in Table 9 (appendix,
[Ackermann et al., 2014] only used three rings: the inner annuli are combined into one).

Loop I (see section 2.3) is not represented in GALPROP. Here it was taken into account by
a geometric model by [Wolleben, 2007]. It assumes two shells emitting synchrotron radiation.
Each shell has two coordinates of its center (longitude and latitude), a distance to the Galactic
center and an inner and an outer radius. The values of the parameters are shown in Table 10
(appendix). The so-called Fermi bubbles are also a large scaled emission component. They are
seen in gamma rays as two lobes above and below the Galactic center. They were modelled by
a flat intensic spatial at |b| > 10° (see Figure 28, appendix).

The point sources were implemented from the third Fermi LAT source catalog (3FGL, [Acero et al., 2015]).
Of the extended sources the Large Magellanic cloud (a nearby galaxy seen in gamma rays due
to massive star-formation [Ackermann et al., 2015a]) and the Cygnus region (a region filled with
numerous massive stellar clusters and a large CR density [Tibaldo and Grenier, 2013]) got its
own template each.

Also a Galactic center excess (GC excess) template was included to take into account the effects
that occur near the Galactic center and are not yet explored. In some theories this could be an-
nihilation of dark matter particles. The GC excess template describes annihilation that follows

a generalized Navarro-Frenk-White profile with index v = 1.25 and that is brightest around the

10



Galactic center.

So the different components of the model are:

— five pairs of hadronic correlated components for the emission from the five annuli of inter-
stellar gas, each containing one template for Hr and one template for CO interacting with
CRs. The bremsstrahlung components were fitted together in one template with these

hadronic components.
— three IC components from upscattered CMB, IR and SL (therefore also see section 2.2.4)
— a template for Loop I
— a template for the Fermi bubbles
— a template for point sources in each energy bin
— a template for the Large Magellanic cloud and the Cygnus region each
— a template for other extended sources
— a GC excess template
— asun and moon template (they also emit gamma rays) derived with the Fermi ScienceTools
— an isotropic component, which is constant over the whole sky

The templates for the hadronic, the IC, the Fermi bubbles and the geometric Loop I model can
be seen in Figure 28 (appendix).

There was no template for the Earth limb, i.e., the gamma rays produced due to CRs interacting
with the earths atmosphere also seen by Fermi since it is not yet constructed for the Pass 8 data.
Therefore the zenith angle was cut to < 90° (see Table 2 above).

The fitting procedure uses the x? method to fit the all-sky templates to the all-sky data in each
of the 31 energy bins. A similar method is used here later on (detaild description in section 4.4),
but here later on a model spectrum is fitted to a mean spectrum of measured data in a certain
region.

The models for the second map, the residual in model B, were produced by the same procedure
as the ones for the residual in model A, but the templates were slightly modified (see description
below). Also the area in which the templates were fitted to the total data was restricted and
less components were taken into account.

The fitting area was restricted to a circle with radius 70° around the Galactic center instead of

the whole sky and only the following modified templates were included:

— the hadronic correlated templates were modified to three annuli: the formerly inner rings
were combined into one ring (radii 0 - 8kpc), beside this the same local and outer rings

were used. There is a H; and CO template including bremsstrahlung for each ring
— the three IC templates were also combined into one

— the point sources and the extended sources templates are as before

11



— the isotropic component, the Loop I and the Fermi bubbles templates were replaced by a

combination of 100 spherical harmonics. These also model other possible components.

The residual map was calculated by subtracting the mentioned model maps except the spherical
harmonics from the total data map. Hence for deriving the spectrum of the residual in model B
also an isotropic component is subtracted.

The third map, the residual in model C, was derived by ACERO ET AL. [Acero et al., 2016].
It has three energy bins: 50 MeV - 1 GeV, 1 - 11 GeV and 11 - 50 GeV. The characteristics of the
underlying total data map are slightly different than the ones of the map used for the residuals
in model A and B, they are listed in Table 11 (appendix).

The residual - it includes more diffuse emission components than the residual in model A, e.g.,
Loop I or the Fermi bubbles and is called Extended Excess Emission (EEE) - was derived by

subtracting the following model components from the total data:

— a hadronic correlated emission component, also separated into different Galactocentric

annuli

an IC component

— a template for the point-like and small-extended sources from the preliminary version of
the 3FGL catalogue

— a Earth limb template for the gamma rays produced due to CRs interacting with the

earths atmosphere

a sun and moon template

an isotropic component

ACERO ET AL. refer to this combination as the ‘baseline’ model, for more details see their
description [Acero et al., 2016].

The fit used a binned maximum likelihood with Poisson statistics and included the whole sky.
Since the residual map only contains three energy bins it is not used to derive spectra, but a

profile plot is studied in section 5.2.

3.3 Exposure map

The exposure map encodes the exposure time and the effective area of the LAT during the
mission for every pixel on the sky. It was calculated using the standard Fermi LAT Sci-
enceTools package version 10-01-01 available from the Fermi Science Support Center using the
P8R2_ULTRACLEANVETO__V6 instrument response functions®.

®http:/ /fermi.gsfc.nasa.gov /ssc/data/analysis/
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4 Analysis of the spectrum

4.1 Selection of the region of interest

For this analysis the Region Of Interest (ROI) is selected by eye. It is located in the excess
region but is restricted not to include too much of the Galactic plane.
In Figure 9 one can see the residual in model A and a map showing the position and shape of

the RIO. In Table 3 the exact borders are shown.

residual in model A, E = 170.7 MeV residual in model A, E = 170.7 MeV, outcut ROI

-7 residual counts 17 -7 residual counts 17

Figure 9: left: residual in model A, right: residual in model A showing the position and shape of
the RIO.
Both maps are smoothed with a ¢ = 0.5° Gaussian kernel, the grid is 10° by 10° in
Galactic coordinates.

longitude: longitude: latitude: latitude:

lower end upper end lower end upper end

18° 37° 4° 10°

combined with 21° 36° 10° 20°

Table 3: Borders of the region of interest

4.2 Spectrum

All maps shown up to this point are photon count maps. For the spectra the intensity I per

pixel per energy bin is calculated from these count maps. It is defined as

I N
I= Ed_ 2 an _ E? counts
dE dE exposure AE dS)

in every energy bin from Ejgwer end t0 Eupper end-

% is the photon flux%, counts the count value in this pixel in this energy bin, exposure the
exposure value in this pixel in this energy bin, AFE the size of the energy bin and df) the pixel
size.

The maps used here are pixeled in HEALPix (Hierarchical Equal Area isoLatitude Pixelization
of a sphere)”. As the name suggests this has the advantage of every pixel having the the same

size. So d2 is simply the whole sphere size of 47 in sr divided by the number of pixels. This is

6 dN dF _ __dN s
45 actually calls 5% = sz, but the other notation is common

"http:/ /healpix.jpl.nasa.gov/
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depending on the HEALPix pixelization order. Here for example the order is 7, with this the
number of pixels is 196,608 and therefore dQ ~ 6.4 - 10 sr.

The energy bins are equal logarithmic, so:

ln(AE)) _FE
2 /) VAE

For the spectrum the average over the ROI is taken:

and  Eypper end = exp(ln(E) + M) -E-VAE

Elower end = eXp(hl(E) - 2

dN counts 1
INror =E? (== )gor = B* (————— —
(Nror <dE>ROI (exposure>ROI AFEdQ
:Ez( 1 counts; ) 1

Npiz 5 exposure;” AE dQ

i.e., in each energy bin the average over all pixels ¢ in the ROI of the counts and exposure per
pixel is taken. E, AF and df2 are independent of the pixel.

For the residual maps the (mean) intensity is derived the same way:

dN residual counts 1
Yror = E* ( )R

I =F? (—
(Ires)ror <dE res erposure O AEAQ

The calculation of the standard derivations assuming a Poisson statistics for the counts can be

found in section A.6 (appendix).

In Figure 10 the spectrum of the total data averaged over the ROI is shown. On can see a
peak around 0.5GeV, at lower energies the values decrease slightly. At higher energies - in an
energy range from ~ 2GeV to ~ 1TeV - one can see a power law distribution, i.e., the intensity
is indirect proportional to the energy by the power of the spectral index s: I o< E7°.

Fitting a power law I = const. EQ(%)_sn = const. E7*"*? in this range (energy bins 13 - 30
were included)® gives a spectral index s of s, = 2.59. The n as an index of the spectral index
marks it as an index of the photon flux (and not of the intensity flux %). The fit is shown in
Figure 29 (appendix).

The data point with the highest energy lies above the ones before, what could be the beginning
of a turn-over. But this single point is not enough to state whether this is a real turn-over at
higher energies or just fluctuations, even if the value is very high.

In Figure 11 the spectrum derived from the residual in model A is shown. One can see a peak
around 0.1 GeV and the residual does not occur above 5 GeV.

Because the models for the residual in model B do not include an isotropic component, a spec-
trum for this is subtracted while calculating the residual map spectrum (see section 3.2). The
used spectrum was derived by ACKERMANN ET AL. [Ackermann et al., 2015b], it is an all-sky
spectrum of the isotropic background (see also section 4.3). Using this all-sky spectrum in the
restricted ROI is not a problem, because the isotropic background is defined as being nearly the
same over the whole sky. But it leads to the fact that the spectrum can only be calculated in

26 energy bins, because the isotropic background spectrum only was derived in these bins.

8The fit was derived by the x* method due to fitting a straight m-In(E) + ¢ to the logarithm of the data. This
gives the same result because In(I) = In(const. E=***?) = (=s,, + 2) In(E) + In(const.) and s, = —m + 2.
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Figure 10: Spectrum of the total data averaged over the ROL.
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Figure 11: Spectrum of the residual in model A averaged over the ROL.
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Figure 12: Spectrum of the residual in model B averaged over the ROI minus the isotropic
spectrum [Ackermann et al., 2015b].

It is shown as EQ@ over E and only the energy axis is logscale.

Figure 12 shows the spectrum derived from the residual in model B. The intensity values of the
residual in model B are higher than the ones of the residual in model A. This is due to the fact
that for B less models were taken into account and subtracted from the measured data.

The spectrum of the residual in model B differs from the spectrum derived from the residual
in model A (different models are used), but one also can see a maximum below 20 GeV and no
residual above. The peak here is about 0.4 GeV.

This clearly shows that there is an unexpected excess flux of gamma rays with energies about
0.03 GeV (or even less and then not seen by Fermi) to 10 GeV.

The residual in model C has - as mentioned - only three energy bins, so a spectrum will not be

derived.

4.3 All-sky models

ACKERMANN ET AL. [Ackermann et al., 2015b] analysed the spectrum of the Isotropic Diffuse
Gamma Ray Background (IGRB). For this analysis they modelled different diffuse emission
components and determined their all-sky spectra. The characteristics of their data sample are
shown in Table 12 (appendix). They used the P7 UltraClean class but modified it (different
for two energy ranges: 100MeV - 13GeV and 13GeV - 820 GeV) to even harder cuts against
misclassified CRs, for more details - also about the following models - see their description.

The model components are:

- two templates for the diffuse Galactic emission due to CR interaction with ISG (named
‘Hr + Hir’, here it is named ‘Gas’ for a clearer spelling.) and ISRF (named ‘IC’)

— one template for local diffuse emission from Loop I and the Local Loop
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Figure 13: Fitted average intensity of the diffuse Galactic emission in foreground model A for
Galactic latitudes |b| > 20° derived by ACKERMANN ET AL. [Ackermann et al., 2015b,
Figure 4 there].

403 templates for point sources, that are fitted individually

— one template for other point sources

one template for the solar disc and the IC associated with the solar radiation field

one template for the IGRB

The templates for the diffuse Galactic emission were derived using the GALPROP code. Loop I
was modelled by the geometric model [Wolleben, 2007] also used for the model A (see section
3.2 and Figure 28, appendix). The point sources are from the 2FGL catalog.

The fit was made by a multi-component maximum likelihood method. In the lower energy range
all templates were fit individually in each energy bin over the whole sky (excluding the mask, see
below). In the higher energy range the IGRB and the single point source templates were fitted
in each energy bin, but the other templates were fitted in all the higher energy bins together
(i.e., the normalization is the same for each bin).

During the fit a mask covering mostly the Galactic plane was used, regions under the mask were
excluded from the fit. Figure 30 (appendix) shows an all-sky map and the overlaid mask.

Here ACKERMANN ET AL.s so-called model A is used. (Model B and C assume other values
for the GALPROP parameters and therefore derive slightly different Gas correlated and IC
templates.)

Figure 13 shows the total all-sky spectrum and the models’ spectra they derived. It displays
the average high-latitude (|b| > 20°) intensities attributed to the isotropic emission (IGRB plus
CR background), the individual sources, two diffuse Galactic emission components, the solar
emission, and the local foreground templates. The sum of these intensities is compared to the
average gamma ray intensity observed by Fermi.

Here a linear combination of some of these model components’ spectra is fitted to the data
spectrum of the ROI. This can provide information about how the gamma ray emission is

composed.
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4.4 Fitting procedure

For fitting the y2-minimization method was used. x? is

di — pi)®
222( 2#‘)

7 g;

X

where d; is the measured intensity and o; the standard derivation in energy bin 7. pu; is the
linear combination of the different model components my, in energy bin : p; = Y5, fum;.
The coefficients f;, encode how much the model component m; contributes to the whole model

. They are the changed variables during the minimization of y2.

N _

=0
O fr

x? is quadratic in fj, so the minimization is a system of linear equations in f,, and therefore -

provided the model components are independent, what we assume here - has a unique solution.

4.5 Comparison of the ROI spectrum with all-sky spectra

Because the all-sky spectra by ACKERMANN ET AL. [Ackermann et al., 2015b] were only derived
in 26 energy bins, the following analysis will be restricted to this range.

In Figure 14 the spectrum of the ROI and the Gas correlated and IC model spectra are shown,
from the total data spectrum the isotropic spectrum [Ackermann et al., 2015b] was subtracted.
The black data points are the sum p of the Gas and IC spectra p = fagas - maas + fic-mic in each
energy bin. Below the spectrum the relative difference “—;I between the intensity of the fitted
model p and the data intensity I is shown.

The spectrum of the model p peaks around 0.7 GeV, at lower energies the values are below the
data spectrum. At higher energies the values lie above the data spectrum and follow a power
law. The spectral index is s, = 2.69 an therefore nearly the same as the one for the total data
spectrum (which was s, = 2.59). The index was derived by fitting a power law with the same
method as above (section 4.2). It can be seen in Figure 31 (appendix).

Even if the spectral indices are nearly the same and also the peaks are in the same range,
the spectra show obvious differences and so the data spectrum can not altogether be explained
through a linear combination of all-sky Gas correlated and IC spectra.

The absolute value of the normalization factor f does not have this much of meaning. More
meaningful is the relation between the factors fa.s and fic, which is 1:1 for the all-sky models.
Here it is fqas @ fic = 16.5:11.6 » 1.4. This - and also the plot - shows that the fit favours a
Gas-to-IC relation higher than the one found over the whole sky.

In Figure 15 the spectra of the residuals in models A and B are compared with the all-sky spectra
using the same method as above. The black data points are again the sum u of the Gas and IC
spectra p = fgas - Maas + fic - mic in each energy bin. Here the model p is not fitted in every
energy bin, instead the fit is restricted to the energy range of the unexpected excess flux. The
exact range can be seen at the model data points (and the dotted lines), they are restricted to

the same range.
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and the spectra of the Gas correlated and IC models [Ackermann et al., 2015b].
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The spectrum of the residual in model B is more accurately described by the model p than the
residual in model A because of the residual data peak being at higher energies, closer to the
~ 0.7 GeV peak of the Gas correlated model.

For the residual in model B the IC spectrum is fit with a negative normalization factor. This
is a hint for an over-estimation of the IC emission in the ROI by the model used to derive the
residual. For the residual in model A fic is nearly zero.

The fit to the total data spectrum and to the residual data spectra together hint for a larger
distribution of Gas emission in the ROI. But one has to be careful with further conclusions
because the used model spectra are determined as spectra for the whole sky and are fitted to

the data excluding the Galactic plane.

Also spectra from other templates were derived by ACKERMANN ET AL. [Ackermann et al., 2015b].
The fitted model spectra including also the Loop I / Local Loop and Point sources spectra next
to the Gas correlated and IC are shown in Figures 16 (total data spectrum) and 17 (residual
data spectra). The black data points are again the sum p of the model components spectra
1= fGas - MGas + fic - MIC + fLoopl - MLoopl + fPoint sources - MPoint source i €ach energy bin. For
the total data map the relative difference '“%I between the intensity of the fitted model p and
the data intensity I is shown below the spectrum. For the residual data maps the fitting range
for the model u is again restricted to the energy range of the unexpected excess flux. The exact
range can be seen at the model data points (and the dotted lines), they are restricted to the
same range.

At lower energies (to about 6 GeV) the total data spectrum is well described by the spectrum of
the model p, but at higher energies the model overestimates the measured data.

The normalization factor of the IC spectrum is negative. The template for Loop I also contains
emission from IC, but due to it being a geometric model one can not say how big the distribution
is. If it was way smaller than the negative IC template distribution, the fit would be unphysical,
because a in total negative IC emission is not possible. From the other components the point
sources spectrum gives the highest distribution.

The residuals’ spectra are relatively well described by the spectrum of the model pu. For both
residuals the distribution from IC is fit with a negative normalization factor, so a lower distri-
bution of IC is required. The fit to the spectrum of the residual in model A asks for a bigger
distribution of point sources for its model. The distribution of Gas correlated and Loop I emis-
sion is said to be appropriate, the normalization factors are nearly zero. The fit to the spectrum
of the residual in model B requires a bigger distribution from Gas and Loop I. For point sources
it also asks for a bigger distribution, but not as big as the required one for the residual in model
A. This is surprising because the same point sources template is used. It points out that one has
to be careful with drawing further conclusions concerning the emission distribution in the ROI
only from the normalization factors and the required distributions in the fit.

Nevertheless both the total and the residual data spectra give a hint for an underestimation of

the point source density and again an overestimation of IC emission in the ROI.
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Figure 16: Spectrum of the total data map averaged over the ROI minus the isotropic spectrum,

the spectra of the Gas correlated and IC and also Loop I / Local Loop and Point
sources models [Ackermann et al., 2015b].
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Figure 17: Spectra of the residual data maps averaged over the ROI, the spectra of the

Gas correlated and IC and also Loop I / Local Loop and Point sources models
[Ackermann et al., 2015b].

Left: residual in model A, right: residual in model B minus the isotropic spectrum.

It is shown as Ezd—E over E and only the energy axis is logscale.
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Finally one can say that the made conclusions concerning distribution relations in the ROI are
preliminary and that there is the need for further analysis of the spectra. Beside others there
is the need, e.g., for a proper point sources template. Nevertheless one can state that there
actually is an unexpected excess flux in the ROI and neither the total data nor the residual data
can be explained by a linear combination of emission components averaged over the whole sky

(all-sky spectra), i.e., there is something new going on.
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5 Multiwavelength analysis

Photons emitted from processes in space do not only have energies in the gamma ray regime.
Excesses seen in other frequencies - depending on their energy - also can support statements

concerning the ongoing processes and therefore give a hint on the source of the gamma radiation.

5.1 Other telescopes

Here data from three other telescopes is used.

WMAP

The Wilkinson Microwave Anisotropy Probe (WMAP) telescope is a space telescope designed
to detect microwave radiation. It was launched on June 30, 2001 to an orbit around the second
Lagrange point of the earth-sun-system (Lissajous orbit about L2). The data sample used here
are all-sky maps from the full nine years of spacecraft operations.

WMAP took data in five energy bands, named K, Ka, Q, V and W. Frequency and bandwidth

are given in Table 4.

K-Band Ka-Band Q-Band V-Band W-Band
wavelength 13mm  9.1mm 7.3mm  4.9mm 3.2mm
frequency  23GHz 33 GHz 41GHz 61 GHz 94 GHz
bandwidth 5.5GHz 7.0GHz 8.3GHz 14.0GHz 20.5GHz

Table 4: Wavelength, frequency and bandwidth of the WMAP-bands

The data exists as an all-sky map in the five mentioned energy bands. It is given in units of a
brightness temperature Tp. This is defined via the black-body radiation: when the intensity of
radiation from a region of sky is I, the brightness temperature T is defined using the expression
of the intensity of black-body radiation (Planck’s law) [Longair, 2011, eq. A.36]:

B 2h1> 1

2 hv
< eFsT — 1

L,

In a range where hv < kpT} holds (h is Planck’s constant and kp Boltzmann’s constant), the
Rayleigh-Jeans law is a good approximation to transform from the brightness temperature to

the intensity of the radiation. It says [Longair, 2011, eq. A.37]:

_ QVQkBTb

I, 5

C

where c is the speed of light. The requirement hv < kg7 holds in the range we are looking at
with WMAP data.

Planck

The Planck telescope is a space telescope also designed to detect microwave radiation. It was
launched on May 14, 2009 to an orbit around the second Lagrange point of the earth-sun-system
(Lissajous orbit about L2). The data sample used here are two of the diffuse foreground com-
ponent maps derived from the Planck data by ADAM ET AL. [Adam et al., 2015] with the help

23



of Commander?. Commander is an approach implementing Bayesian component separation in
pixel space, fitting a parametric model to the data by sampling the posterior distribution for
the model parameters'®. Also data from WMAP and the 408 MHz survey by HASLAM ET AL.
[Haslam et al., 1982] was used to separate the foreground - beside others!! - into synchrotron (see
section 5.3.1), free-free (bremsstrahlung from non-relativistic particles, see also section 2.2.3),
spinning dust (dipole radiation from spinning dust grains) and thermal dust (emission from
dust grains in thermal equilibrium with the ambient radiation field [Abergel et al., 2014]) com-
ponents. Here the synchrotron and the thermal dust foreground model maps are used.

The data also exists as all-sky maps and is given in units of a brightness temperature 7j. The
requirement hr << kg7 holds also in the range we are looking at with Planck data, so the
Rayleigh-Jeans law was used to convert T} into intensity.

Spitzer

The Spitzer telescope is a space telescope designed to detect infrared radiation. It was launched
on August 25, 2003 to a heliocentric orbit and covers a wavelength range from 3 - 180 ym. The
data sample used from Spitzer observations are from the GLIMPSE360 (Galactic Legacy In-
frared Mid-Plane Survey Extraordinaire)'? project. It shows the Galactic plane in infrared light
as a collage from Spitzer and also other surveys.

The data is stored as an image file with RGB values and an alpha-channel (to encode trans-
parency). The different color channels are filled with the intensities measured in different wave-

length:
color channel Red Green Blue

wavelength 8.0um 4.5pum 3.6 um

13Here the G channel, i.e., data measured at 4.5 yum (which is an energy of ~ 0.28¢V) is used.

5.2 Comparison via profile plots

For a profile plot the pixels in a certain region are binned to squares showing the mean value
of the binned pixels. With this, one can plot a figure showing the ‘profile’ of a map, i.e., the
abscissa is one space axis of the map and the ordinate shows the mean intensity of the binned
pixels. The binning helps to show a larger region and not only a very thin ‘pixel row’.

Figure 18 shows a profile plot of the total data map. As expected the intensity is very high along
the Galactic plane and becomes less towards higher and lower latitudes, respectively. Interesting
is that in the range of the ROI (at [ ~» 30° and b ~ 10°) the intensity is higher, even if this plot

can say nothing about the unexpected excess flux.

http://commander.bitbucket.org/

0Detailed descriptions can be found on
https://wiki.cosmos.esa.int/planckpla2015/index.php/Astrophysical _component_ separation#Commander-Ruler.

"Detailed descriptions can be found on
https://wiki.cosmos.esa.int/planckpla2015/index.php/CMB__and_ astrophysical__component__ maps#
Astrophysical__foregrounds_ from__parametric_ component__separation.

2http: //www.spitzer.caltech.edu/glimpse360/downloads

13Some of the Red pixels are filled with value form the WISE observation at 12 um due to the sky coverage from
Spitzer in this band was less than in the other bands.
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Figure 18: Profile plot of the total data map. The bins of the profile plot have a size of 10° by
10° in Galactic coordinates. The Galactic center is right in the middle of a bin.

5.2.1 Different residual maps

In Figure 19 profile plots for the three residuals in models A, B and C (see section 3.2 for their
description) are shown. The residual in model B is zero for £ > 70° to underline that the fit was
restricted to the area inside. The values with £ < 70° have an offset because no isotropic model
template was subtracted during calculating the residual map.

On can see that for each map in the range of the ROI an unexpected excess flux is present.
This is especially worth mentioning for the residual in model C, which was derived by a different
method than the other ones.

For this map the calculation of the intensity is more complicated. For the residual in model
C with its three energy bins it is no calculated exposure map available here. It is replaced by
an approximation: assuming the spatial distribution of exposure does not depend on energy,
just the exposure used for the total map (see section 3.3) scaled by the fraction of the different
observation times is used. For this the resolution of the residual map C is degraded (it has
a pixelization order of 8, the exposure map just an order of 7), the new pixels with a lower

resolution are the mean value of the old pixels'?.

Because the ‘bump’ also is seen in the residual derived by ACERO ET AL. [Acero et al., 2016]
one can state that the unexpected excess in the range of the ROI is a real feature, what shows

that it is worth being studied in further investigations.

5.2.2 Maps from other telescopes

Profile plots are also derived from other telescopes’ maps. The characteristics of these maps are

described above (see section 5.1).

4The package ‘healpy’ that was used here to deal with the via HEALPix stored maps offers a function
(healpy.pixelfunc.ud_grade) for this.
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Figure 19: Profile plot of the residual data maps.
Top: Residual in model A, middle: residual in model B and bottom: residual in model
C.
The bins of the profile plot have a size of 10° by 10° in Galactic coordinates. The
Galactic center is right in the middle of a bin.
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Figure 20: Profile plot of the WMAP map at the K band (23 GHz). The bins of the profile plot
have a size of 10° by 10° in Galactic coordinates. The Galactic center is right in the
middle of a bin.

In Figure 20 one can see the profile of the WMAP map at the K band. The correlation between
microwave emission and gamma ray emission is mostly via the synchrotron component of the
microwave emission. This is caused by the same ultra-relativistic electrons that can up-scatter
the interstellar radiation field via IC to gamma energies, this will be discussed in detail below
(section 5.3.2).

On can see an excess for middle positive latitudes (b ~ 10°), it is approximately symmetric w.r.t.
the Galactic center (GC), but it is not w.r.t. the Galctic plane (GP). Microwave radiation can
also give a hint on the distribution of dust in the Galaxy. This dust - if hit by CRs - emits also
gamma rays due to production and decay of 7° and bremsstrahlung (see section 2.2.3).

From Planck observations ADAM ET AL. [Adam et al., 2015] derived maps showing models
for single components. With this a test on a possible correlation of microwave and gamma ray
emission separated in processes is possible. In Figure 21 one can see the profile plots for the syn-
chrotron and the thermal dust models derived from Planck data with the help of Commander.
For the synchrotron model map there is an excess for positive latitudes in the range of the ROI.
For middle positive latitudes (b ~ 10°) the excess is also approximately symmetric w.r.t. GC, but
not w.r.t. GP. For higher positive latitudes (b~ 20°) the excess is not symmetric, neither the GC
nor the GP. This seen synchrotron excess is a motivation for further investigations concerning
the relation of synchrotron and gamma ray emission in the ROI. A first step for this is done
below in section 5.3.2 with WMAP data.

At the thermal dust model map also an excess is seen for middle positive latitudes (b~ 10°). It
is again approximately symmetric w.r.t. GC, but not w.r.t. GP. Thus also possible correlations
of thermal dust and gamma ray emission in the ROI are worth being studied further.

At last also Spitzer data is shown. Infrared (IR) is a proxy for star formation because the
gas building the stars is heated up during this process and radiating IR light. Star formation is
interesting for gamma radiation because regions where stars can be born have a high gas density,

this gas can - in combination with CRs - produce gamma rays (7° decay and bremsstrahlung).
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Figure 21: Profile plots of the Planck Commander model maps.
Top: Commander syncrotron model map and bottom: Commander thermal dust

model map.

The bins of the profile plot have a size of 10° by 10° in Galactic coordinates. The
Galactic center is right in the middle of a bin.
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Figure 22: Profile plots of the Spitzer map.
The bins of the profile plot have a size of 5.6° by 1.8° in Galactic coordinates. The
Galactic center is right in the middle of a bin.

Also the star formation rate is correlated with the rate of supernovae, which are a source of CRs
and also gamma rays themselves [Longair, 2011, pp. 361].

In Figure 22 one can see the profile plot of the Spitzer map at 4.5 yum. Comparison with the
other profile plots should be done carefully because the latitude range covered by this profile
is much smaller. Infrared telescopes have a comparatively small field of view, so the Spitzer
survey mostly mapped the GP and less above and below. Here one can clearly see an excess in
the range of the ROI, which is - especially if one is not direct in the GP - not symmetric w.r.t.

GC. This excess could be correlated with the gamma ray excess.

In summary, one can say there are a lot of possibilities to further investigate the RIO in dif-
ferent wavelength ranges and to test on correlations between different seen excesses in multiple
wavelength ranges and the gamma ray excess.

One of these is started here by analysing if WMAP and Fermi data components could be effected

by the same ultra-relativistic electrons.

5.3 Could WMAP and Fermi data components be effected by the same electrons?

Ultra-relativistic electrons cause two sorts of radiation: when they travel through a magnetic
field they emit synchrotron radiation (see below) and when they travel through a field populated
by photons they can up-scatter these to gamma energies due to Inverse Compton effect (IC, see
section 2.2.4).

5.3.1 Synchrotron radiation

Synchrotron radiation is interesting here because it has the same source as Inverse Compton
radiation since it is also effected by ultra-relativistic electrons. The electrons emit radiation

because they are accelerated by a magnetic field B.
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For non-relativistic electrons the radiation is called cyclotron radiation, the frequency there is
just the frequency of gyration (the circular motion) in the magnetic field B. For ultra-relativistic
electrons the emitted frequency spectrum is more complex and can become many times the
gyration frequency [Rybicki and Lightman, 2004, p. 167].

Here approximations for the energies of the electrons and - by assuming power law distributions

for the electrons and the emitted photons - for the spectral indices are used (see below).

5.3.2 Energy approximation

WMAP is a telescope detecting microwave radiation, see section 5.1. Due to synchrotron radi-
ation also has frequencies in microwave range - among ones in e.g. radio range - it is possible
that the same ultra-relativistic electrons cause the microwave photons seen by WMAP and the
gamma rays seen by Fermi. If this is the case, one can correlate the seen effects.

A first approximation of the energy of the electrons radiating synchrotron radiation in the
WMAP frequencies is the critical frequency v., because most of synchrotron radiation is emit-

ted around this critical frequency [Longair, 2011, eq. 8.55]:

Ve= =7 sin(a)

2 2mme

with + the gamma-factor and m. the mass of the electron and B the magnetic field. « is the
pitch angle between the magnetic field and the velocity of the electron. In the following « will
be set to a maximum pitch angle of 90°.

For example, with a typical magnetic field of 4 4G the electrons emitting synchrotron radiation

with frequencies in the WMAP bands have the energies seen in Table 5.

band K-Band Ka-Band Q-Band V-Band W-Band
frequency 23 GHz 33 GHz 41 GHz 61 GHz 94 GHz
electron energy  18.9GeV 22.7GeV  25.2GeV  30.8GeV  38.2GeV

Table 5: Energies of the electrons emitting synchrotron radiation with frequencies in the WMAP
bands in a magnetic field of 4 uG

For the estimation of the photon energy produced in IC a photon from the Cosmic Microwave
Background (CMB), the Infrared (IR) and the Starlight (SL) each is up-scattered on the electrons
with energies determined above. CMB, IR and SL are chosen because the energy distribution
of the Interstellar Radiation Field (ISRF) shows maxima in exactly these frequency ranges (see
section 2.2.4). Assuming the electron distribution follows a power law P(E) o< E7P the energies
of the via IC up-scattered photons can be estimated. If yhwy << mec? (7 is the y-factor of the
electron and hwy the energy of the monochromatic photons being up-scattered) is fulfilled, the

average energy hw of the scattered photon is [Longair, 2011, eq. 9.45]:

4
hi ~ gvzhwo

In Figure 23 the emission spectrum is shown.
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Figure 23: Emission spectrum of Inverse Compton scattering of an incident isotropic photon
field at a single frequency off a single electron. 1y is the frequency of the un-scattered
radiation. The mean value of —— lies at %. [Longair, 2011, p. 242]
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Beside the energy the spectral index of the up-scattered photon is of special interest.
First, assuming again a power law distribution for the electron spectrum P(FE) o< E7P, its index
p can be derived from the index sy, of the radiated synchrotron radiation with the help of the
following relation [Rybicki and Lightman, 2004, eq. 6.22b]:

p-1
Ssync = T
Such a relation also exists for the Inverse Compton effect: the spectral index p of power law
distributed electrons is related to the index syc of the via IC up-scattered (assumed as before
monochromatic) photons [Rybicki and Lightman, 2004, eq. 7.30]:

p-1

SIC = —5—
2

This is the same relation as for the synchrotron radiation and therefore sgy,. = s7c-

Figure 24 shows the spectrum of the WMAP data averaged over the ROIL. The calculation of
the errors on the spectrum is described in section A.11 (appendix). From this the spectral index
can be found through fitting a power law I = E% o< E - E°T to the values. This was done
with the help of the same method as described in section 4.2. Below the spectrum the relative
difference # between the fitted power law intensity P and the data intensity I is shown. One
finds for the microwave (mw) index sy, . = 1.065. The I as an index of the photon spectrum
marks it as an index of the intensity flux (and not the photon flux). In Figure 25 one can see
the gamma ray spectrum of our ROI. Again the spectrum of the isotropic diffuse gamma ray
background [Ackermann et al., 2015b] was subtracted (therefore see also section 4.3). The other
data points represent the approximate intensities of the up-scattered CMB, IR and SL. They
are made assuming a power law distribution I = F j—é = F - const. E~° of the intensity and the
(monochromatic) photon frequencies that are shown in Table 6.

The different data points for one ISRF energy correspond to the different WMAP bands, the
lowest energy corresponds to the lowest band. Because the approximations only give propor-

tionalities the constant const. - and therefore the absolute value of the intensity - is an arbitrary
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Figure 24: Spectrum of WMAP data averaged over the ROI and the fitted power law.

dl
It is shown as — over E and both axis are logscale. For the last data point the lower

end of the errorbar is negative. Below the relative difference is shown.

ISRF CMB 1R SL
frequency 0.24 THz 2.4THz 240 THz
energy 1073 eV 1072 eV leV

Table 6: Energies of the up-scattered ISRF photons

choice. Here it was chosen to const. = 1.45-107° in a way that the spectra can be easily com-
pared. Actually the intensities of the three different up-scattered ISRF components are very
different. Here for simplicity the constant is assumed to be the same for all components.

The magnetic field has been chosen to a typical value of 4 uG. The energies of up-scattered
CMB photons are in a range from ~ 1 MeV to ~ 6 MeV and therefore can not be seen by Fermi.
The gamma rays caused by IR lie in a range from ~ 10MeV to ~ 60MeV and may be seen
by Fermi, the gamma rays caused by SL appear between ~ 1GeV to ~ 6 GeV and are surely
seen. But as one can see in the Figure 25 the index of the total gamma ray spectrum in the
energy range of the up-scattered SL is way harder than the index of the up-scattered SL. The
gamma ray index was derived in section 4.2 to a value of s, gamma = 2.59. The difference is
Sn, gamma — SI, mw = Sn, gamma — (Sn, mw + 1) = 2.59 - 2.06 = 0.53. Although the shown index of
the IC is just an approximation, the difference is rather high.

Therefore the gamma ray spectrum can not be reproduced by SL up-scattered by electrons ra-
diating - due to a 4 uG magnetic field - synchrotron emission seen by WMAP.

The up-scattered ISRF components are also plot in a figure with the residual maps, shown in

the same way as above. This can be see Figure 26. Here also the index of the up-scattered
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Figure 25: Spectrum of the total data averaged over the ROI and approximate energies of the
up-scattered CMB, IR and SL. The magnetic field has a value of B= 4 uG. From
the spectrum of the total data the IGRB spectrum [Ackermann et al., 2015b] was

subtracted.

It is shown as E2E over E and both axis are logscale. For the last data point the

lower end of the errorbar is negative.
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Figure 26: Spectra of the residual data maps averaged over the ROI and approximate energies
of the up-scattered CMB, IR and SL. The magnetic field has a value of B=4 uG.
Left: residual in model A, right: residual in model B minus the isotropic spectrum.

It is shown as E2d—E over E and only the energy axis is logscale.
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Figure 27: Spectrum of the total data averaged over the ROI and approximate energies of the
upscattered CMB, IR and SL with increased magnetic field. B now has a value of
17 uG. From the spectrum of the total data the isotropic spectrum was subtracted.

It is shown as E?—— over E and both axis are logscale. For the last data point the

lower end of the errorbar is negative.

SL can not reproduce the indices of the residual maps. With this one can conclude that SL
up-scattered by electrons radiating - due to a 4 uG magnetic field - synchrotron emission seen

by WMAP also can not explain the seen residual.

Because of the magnetic field being set to some assumed value, the energy range of the up-
scattered photons can be adjusted by assuming another value for it and with this - because we
have a fixed synchrotron frequency - assuming another electron energy. The index can not be
adjusted because it depends only on the measured WMAP spectral index.

So changing the magnetic field until the IC photons from SL contribute at the maximum, where
the index of the RIO spectrum is way softer, results in a relatively high value of B ~ 17 uG. The
value was chosen via a fit by eye and the result can be seen in Figure 27.

The magnetic field of B = 17 uG (with fixed frequency of the emitted synchrotron radiation)

lead to the in Table 7 shown electron energies we are looking at.

band K-Band Ka-Band Q-Band V-Band W-Band
electron energy  9.17GeV  11.0GeV  12.2GeV 14.9GeV 18.5GeV

Table 7: Energies of the electrons emitting synchrotron radiation with frequencies in the WMAP
bands in a magnetic field of 17 uG

The choice for the SL to contribute at the maximum of the gamma ray spectrum was made
because the intensity of the ISRF in SL wavelength is by a factor of around five larger than the
intensity in IR frequencies (see also section 2.2.4). This magnetic field implies that the energy
of up-scattered IR is in a range of ~ 2MeV to ~ 20 MeV and therefore can not be seen by Fermi.

Up-scattered CMB still does not contribute to gamma rays seen by Fermi at all.
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For the ROI this implicates:

- either there is no strong correlation between the excess seen at WMAP data and the one seen
by Fermi and therefore the gamma ray excess flux in the ROI has a rather low distribution from
IC emission which is produced by electrons their synchrotron radiation is seen by WMAP

- or the following conditions are (in some relation) fulfilled:

an area in the line of sight at 30° longitude is populated by some ultra-relativistic electrons
with energies around ~ 10 GeV which emit - due to a relatively high magnetic field of ~ 17 uG -
synchrotron radiation in WMAP frequencies. They cause the excess with the seen spectrum in

microwave frequencies and also up-scatter SL to gamma energies seen by Fermi.
This analysis here does not yet answer this question finally. Basing on the acquired knowledge

both options can be considered possible. The question for further investigations is which (or

which combination) is preferred.

35



6 Outlook

In this work the excess flux at 30° longitude is investigated in different ways.

— The spectra of the total data and the residual data averaged over the ROI are derived
and compared with all-sky spectra. Both (or better all three) could not be explained by a
linear combination of the whole sky emission process spectra. This leads to the conclusion

that something new and yet unexplored is going on there.

— Multiwavelength analysis showed that in this region excesses also are seen in other wave-
length ranges. This leads to multiple possibilities for further studies whether these are

correlated with the gamma ray excess or not.

— A first step in this regard was the question, if WMAP and Fermi data in this region could
be effected by the same ultra-relativistic electron population. The question is not yet
answered finally, but with the rather high magnetic field of > 15 uG a requirement for a

correlation was found.
In future tests, e.g., the following improvements could be included:

— One could determine the boundaries of the ROI by some calculations and not by eye, e.g.,

select it from the residual maps by choosing a threshold for the derivative from the model.

— One could model the different emission components with varying assumptions and partic-

ular observance of the ROI.

— One could continue the multiwavelength analysis by testing for correlations between the

seen excesses and the gamma excess.

...and of course many other things.

Overall the existence of the excess at 30 degrees in longitude in the plane of the Milky Way

galaxy is confirmed and a lot of possibilities for further investigations of the excess are found.
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A Appendix

A.1 GALPROP parameters for model A

CR diffusion with Kolmogorov spectrum of interstellar turbulence
plus reacceleration
no convection

diffusion coefficient constant and isotropic
azimurthal symmetry of the CR density assumed w.r.t. GC
CR source distribution traced by measured pulsar distribution
CR confinement volume 10 kpc height

20 kpc radius

Table 8: Parameters for GALPROP used to generate model A

A.2 Borders of the interstellar gas annuli assumed for model A

annulus inner radius outer radius

1 Okpc 1.5kpc  inner ring
2 1.5kpc 3.5kpc inner ring
3 3.5kpc 8kpc inner ring
4 8kpc 10kpc  local ring
5 10kpc 50kpc outer ring

Table 9: Galactocentric radii of the interstellar gas annuli assumed to generate model A. The
distance from the Galactic center to the sun is ~ 8.3kpc [Gillessen et al., 2009).

A.3 Parameters for the shells modelling Loop | for model A

shell longitude latitude distance to inner radius outer radius
coordinate coordinate the center

1 341° 3° 78 pc 62 pc 81pc

332° 37° 95 pc 58 pc 82pc

Table 10: Parameters for the shells modelling Loop I to generate model A
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A.4 Figures showing the hadronic, IC and Loop | templates for model A

Hadronic Intensity, £ = 6.4 — 9.1 GeV

IC, Intensity, £ = 6.4 — 9.1 GeV
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Figure 28: Hadronic, IC, Loop I and Fermi bubbles templates for model A. The template inten-
sities are shown in the energy bin F =6.4-9.1GeV. top left: gas correlated template
(sum of hadronic and bremsstrahlung for neutral and ionized atomic and molecular
hydrogen) obtained from GALPROP. top right: IC map obtained from GALPROP.
bottom left: Loop I template based on geometrical model [Wolleben, 2007]. The nor-
malization is obtained by fitting to the Fermi LAT data. bottom right: Flat Fermi
bubbles template. [Ackermann et al., 2014, Figure 2 and 5 there]

A.5 Characteristics of the map used to generate model C

class P7REP Clean

observation time first 4 years of the mission
zenith angle cut 0 < 100°

energy bins 14 equal logarithmic intervals
energy range 50MeV - 50 GeV

HEALPix!® pixelization order 8

HEALPix nside value 256

pixel size 1.6:107° sr

Table 11: Characteristics of the data sample used to generate residual map C

http://sourceforge.net /projects/healpix/
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A.6 Calculation of the standard derivation on the mean intensity

The standard derivation on the mean intensity is calculated from the counts assuming a Poisson
statistics for the counts. Random events occur in a Poisson distribution when for one event the
possibility to occur in one moment is not correlated with the time passed since the former event.
For a Poisson distribution the relative error (standard derivative) o, for a certain number of

events in a bin - here for a photon count value in a certain pixel - is given by:
1
Orel,i = = /——
v ecounts;

where counts; is the number of counts in the pixel i. The absolute error is o4, ; = Orer, i-counts; =

veounts;.

For a quantity = ¢; a + co b, where a and b are independent random variables and ¢y, ¢

constants, the absolute error is:

2 O\ 2

2 (837) 2 ( CC) 2_2 2, 2 2

oci=—)oi+|=) oi=ci o +c50

T da a ob b 1 %Y%a 2 Yb

The error on the mean counts = = (counts); = n# > counts; =Y, n%ai is with this (the error
piT piT

on the exposure is assumed to be zero):

12 1 2 1
— 2 — —
Oabs, mean = E — Oabs, i = E (\/countsi) =— E counts;
7 Npix Npiz 7 Nypiz 7

and

1 A/ . .
Oabs, mean Npig ZZ counts; 1

Orel, mean = = 1 -
(counts); - Yicounts; /3 counts;

With this the absolute error on the intensity is (AFE does not name an error on the energy but
the width of the energy bin):

counts Acounts Oab
Al = A(E? - B2 _ g2 abs o ]
( exposure AFE dQ) exposure AE dQ2 exposure AE dS) Orel
And on the mean intensity:
counts 1 E? 1 o 2(,

AT “A E2 _ abs, mean

(Dror ( ( exposure )ro1 AEdQ ) AEdQnyiz \ 5 exposure?

E? 1 counts;

TAEdQ Nopiz Z exposure%

Here now one hast to assumed that the spatial distribution of the exposure is small and therefore

the difference between the pixels in the restricted ROI can be neglected for the exposure. With
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this:

E? 1 E? 1 ; tsi
A(I)ror = > counts; = 2 counts;
AEdQ ny, exposure\/ 5 AFEdS ny;, exposure | /2 counts;

B E? 1 counts; B 1 E? 1 counts;
AE dQ npig 4 exposurei\/zj counts; \/Zj countsj AE dQ2 nyi, 7' exposure;

=0Orel, mean * <I>ROI

For the residual maps the (mean) intensity is derived the same way as for the total data map.
Here now z = residual = data — model = a + b. Because the models are fit as all-sky templates
and we derive our data and residual intensities in a small ROI, o, = 00401 can be neglected

(especially in each pixel). So the absolute error on the residual data maps results to be:
Oabs, res = Oa t+ 0= 0aps

And therefore it is the same as for the total counts. With this the mean error is also the same:

1
Oabs, res, mean = ZCOUTLtSi
Npiz \| 4

And also the absolute error on the mean intensity A(les)ror is the same:

residual counts 1 E* 1 | Os, res, mean
A(T, =A(F? = —
{Ires)ror ( < exposure )ro1 AEdQ ) AEdQ nyy \J - exposure?

E2 1 UCQLbs mean
B e (I ror = A(I
AEdQ npim\lzi:TOSUTQ? Iret, mean - {1)ROT = A{I) ROI

A.7 Spectrum of the total data and fitted power law
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Figure 29: Spectrum of the total data and fitted power law I = const. E~*n*2,

dN
It is shown as E2—— over E and both axis are logscale. For the last two datapoints
the lower end of the errorbar is negative.
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A.8 Characteristics of the map used for the IGRB analysis

class modified P7 UltraClean class, parted in two energy ranges
(even harder cuts were made, different for low energies and high energies)

observation time 50 month recorded between August 5, 2008 and October 6, 2012
energy bins 26 equal logarithmic intervals
energy range ‘low energies’: 100 MeV - 13 GeV

‘high energies’: 13 GeV - 820 GeV
zenith angle cut  for low energies 6 < 90°

for high energies 8 < 105°

Table 12: Characteristics of the data sample used to generate the IGRB spectrum

A.9 Mask used during the fit for the IGRB analysis

Counts / Pixel
10° I 10°

Figure 30: Map of counts observed by the Fermi LAT above 100 MeV using a Mollweide projec-
tion. The color scale is logarithmic. Overlaid is the mask used in their analysis to
exclude regions from the template fitting procedure [Ackermann et al., 2015b, Figure
3 there].
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A.10 Spectrum of the model ;. and fitted power law

10% spectrum of the model
|| Gas: fg, = 16.49
I 1 IC: fie = 11.56
®-@ model i
®-@ power law with spectral index s, = 2.69
. R s .
107 rge L
o ' ‘-\.\
5 o,
- | .._.
@ I e
. | ‘\L.‘
: 107 | - i \"_7.
3 ! | \’-N'
Zlg ]
z ‘
=
107 F 1
108 I I i
10? 10° 10* 10% 10°
energy [GeV]

Figure 31: Spectrum of the model p and fitted power law I = const. E~*"*2. The errors on the
model values are set the same for each data point.

dN
It is shown as EQd—E over E and both axis are logscale.

A.11 Calculation of the errors on the WMAP spectrum

In section 5.3.2 the spectrum of WMAP data averaged over the ROI is derived. The maps are
given in a brightness temperature T}, the corresponding intensity is calculated via the Rayleigh-
Jeans approximation. The errors o; on the intensity values in every pixel ¢ are encoded in the
maps as follows (here all o are total standard derivations):
2
2 %0

g, =

i
Nobs, i

The number of observations N, is also a map and part of the WMAP data file, Ny, ; is its
value in the i-th pixel.

o9 is the radiometer noise for an individual sample and a constant only depending on the energy
band. Its value is taken from BENNETT ET AL. [Bennett et al., 2013, Table 5 there] and here
shown in Table 13. For the higher bands there is more than one radiometer per band and

therefore there are more og values, for this analysis the mean is taken.

K-Band Ka-Band Q-Band (1) Q-Band (2) V-Band (1) V-Band (2)
o 1.429 1.466 2.245 2.131 3.314 2.949

W-Band (1) W-Band (2) W-Band (3) W-Band (4)
oo 5.899 6.562 6.941 6.773

Table 13: og values of the different WMAP bands
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Now for the mean intensity the standard derivative is calculated as follows:

1

2

2 _ L 5  og
O-mean_zn2 g; _n2 ZN .
1 “piz pix 1 obs, 1

0o 1
= Omean = Z
Npix 4 -Zvobs7 i
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